Histone deacetylases (HDACs) have a critical role in epigenetic gene silencing, rendering a compact chromatin structure by removing acetyl groups from lysine residues within the tails of core histones, thereby repressing gene expression. Epigenetic transcriptional dysregulation is an important oncogenic mechanism in some sarcomas associated with translocations, for which antitumor activity by HDAC inhibitors has been shown in preclinical studies. Nevertheless, the expression of the protein targets of these drugs has not yet been broadly surveyed in this neoplasia. In this study, we assess the expression of HDAC1 and 2 by immunohistochemistry in a tissue microarray series of 1332 cases, representing 44 categories of malignant and borderline mesenchymal tumors. HDAC2 was the more highly expressed isoform, and was more strongly expressed in translocation-associated sarcomas than in other mesenchymal tumors or normal tissues. HDAC1, in contrast, displayed lower expression in translocation-associated sarcomas than in other mesenchymal tumors or in normal tissues. These results indicate that HDAC1 and HDAC2 are differentially expressed in mesenchymal neoplasms, and suggest that HDAC2 is the isoform more likely contributing to the pathogenesis of many translocation-associated sarcomas and to their response to HDAC inhibitors.
Histone deacetylases (HDACs) are a heterogeneous group of enzymes that act mainly as transcriptional regulators, by deacetylating the lysine residues in the amino-terminal tails of histone proteins. Deacetylation of histones is one of the epigenetic mechanisms regulating gene expression, associated with a compact state of chromatin and transcriptional silencing. Epigenetic deregulation of gene expression is strongly implicated in cancer pathogenesis and can occur through abnormal recruitment of HDACs to gene promoters by, for example, the fusion product of chromosomal translocations in leukemias and sarcomas. [1] [2] [3] [4] The classical HDACs comprise a family of 11 HDAC isoforms that share a zinc-dependent catalytic domain with a high degree of homology, and are grouped in three classes on the basis of their structural similarity to homologous proteins in yeast. Class I HDACs (HDAC1, 2, 3 and 8), related to the yeast transcriptional regulator RPD3, are the best characterized and the most important in carcinogenesis. 5 Transcriptional dysregulation through epigenetic mechanisms has been shown to be an important event underlying the pathogenesis of some translocation-associated sarcomas, including synovial sarcoma. In tumor cell lines and in cells engineered to stably express SS18-SSX, this fusion oncoprotein represses the EGR1 tumor suppressor gene through histone modifications and recruitment of Polycomb group-epigenetic repressor complex proteins. Target gene repression is associated with histone-3 deacetylation and Polycomb-mediated repressive histone methylation events, which can be reversed by treatment with the HDAC inhibitor romidepsin. 2 Similarly, in endometrial stromal sarcoma, the pathognomonic translocation event JAZF1-JJAZ1 and its variants JAZF1-PHF1 and EPC1-PHF1, all involve rearrangements of Polycomb group genes. The oncogenic mechanism of this fusion oncoprotein is not fully understood, 6 but endometrial stromal sarcoma cells highly express HDAC2.
The HDAC inhibitors suberoylanilide hydroxamic acid and valproate induce cell cycle arrest, differentiation and death in ESS-1 cell lines, 7, 8 supporting the involvement of abnormal gene repression by HDAC2 in the pathogenesis of endometrial stromal sarcoma. In Ewing family tumors, the fusion oncoprotein EWS-FLI1 downregulates a greater number of genes than it upregulates. 9 In Ewing cell lines, the Polycomb group histone methyltransferase EZH2 is one of the target genes upregulated by EWS-FLI1. 10 Transcriptional repression of mesenchymal differentiation mediated by EZH2-containing Polycomb complexes can account in part for the repressive activity of Ewing-associated fusion transcription factors. EZH2 interacts with HDAC2 via EED, 11 and EZH2 gene silencing is abrogated by HDAC inhibition in prostate cancer cells.
12 Restoration of repressed genes by HDAC inhibitors supports a role for HDAC-mediated transcriptional repression in Ewing family tumors. 13 Several HDAC inhibitors have been shown to be effective in Ewing preclinical models, [14] [15] [16] and comparable findings have now been reported in other translocation-associated sarcomas, including synovial sarcoma, 17 clear cell sarcoma, myxoid liposarcoma and desmoplastic small-blue round-cell tumor. 18 Despite this body of preclinical evidence supporting HDAC inhibitors as therapeutic agents in translocation-associated sarcomas, the well-documented involvement of class I HDACs in cancer biology, 19 and the recent opening of phase II clinical trials testing these agents in sarcomas, little information exists on the expression of the enzymes targeted by these drugs in mesenchymal neoplasms. In this study, we assay, by immunohistochemistry, the expression of HDAC 1 and 2 isoforms in a broad collection of mesenchymal neoplasms, to assess if there is high expression of specific HDAC isoforms in translocation-associated sarcomas that may help explain their sensitivity to this class of drugs and provide information to help determine which agents may be most effective.
Materials and methods

Tissue Microarrays
Both previously described and more recently constructed tissue microarrays were used in this study, each containing replicate 0. 6 6 adenosarcomas with sarcomatous overgrowth, 2 malignant mixed-mü llerian tumors, 2 uterine tumors resembling ovarian sex cord tumors (UTROSCT), 2 cellular leiomyomas, 1 uterine leiomyosarcoma and 7 cases of polypoid endometriosis. Tissue array 10-009 contains triplicate cores of eight cases of alveolar soft part sarcoma, and two cases each of alveolar rhabdomyosarcoma and desmoplastic small round-cell tumor. Only sarcomas, borderline mesenchymal tumors and normal tissues in these arrays were included in this study.
Western Blotting and Immunizing Peptide Blocking Experiments
Antibody specificity was tested by western blotting. Total protein lysates from SYO-1 and DTC1 cell lines 18 were prepared using RIPA buffer containing sodium chloride 150 mM/l, 1% NP-40, 0.5% sodium deoxycolate, 0.1% sodium dodecyl sulfate, 50 mM/l Tris pH 8.0 and ready-to-use complete protease inhibitor cocktail (Roche, Mannheim, Germany). Protein extracts were run in SDS-PAGE and analyzed on western blots incubated with primary mouse monoclonal anti-HDAC1 1:2500 (Millipore, Billerica, MA, USA; 05-100), mouse monoclonal anti-HDAC2 1:4000 (Abcam, Cambridge, MA, USA; ab12169), mouse monoclonal anti-HDAC3 1:1000 (Becton Dickinson, Franklin Lakes, CA, USA; 611124), rabbit monoclonal anti-HDAC3 1:7500 (Abcam; ab32369) and rabbit polyclonal anti-HDAC6 1:200 (Abcam; ab1440). For HDAC1, HDAC2 and HDAC6, before neutralization for 30 minutes at room temperature with HDAC1 (1:1000), HDAC2 (1:1000) and HDAC6 (1:1000) peptides (Abcam) that correspond to the epitope recognized by the primary antibodies was performed. Horseradish peroxidasecoupled goat anti-mouse or mouse anti-rabbit IgG secondary antibodies were used. Protein bands were detected using the Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL, USA) in an automated x-ray film developer.
Immunohistochemistry
Sections of 4 mm from these tissue microarrays were stained with anti-HDAC1 (1:35) and anti-HDAC2 (1:2500). Immunostaining was performed on an automated Ventana Discovery XT staining platform (Tucson, AZ, USA) using the standard CC1 heatinduced epitope retrieval protocol (1 h at 95 1C). Discovery Universal Secondary Antibody (Tucson, AZ, USA), Universal DAB Detection Kit (Tucson, AZ, USA) and Gill's hematoxylin counterstain were employed for visualization.
Scoring
Immunohistochemical labeling was assessed with a Â 10-magnification objective and was based on the percentage of positive nuclei staining above the background, as well as the staining intensity. Cores with less than 50 viable tumor cells were excluded. On the basis of the assessed percentage of positive nuclei (averaged across replicate cores), the following score categories were assigned: no visible staining ¼ score 0; 1-50% ¼ score 1; 51-75% ¼ score 2; 475% ¼ score 3. The intensity of staining was scored as 0 if no visible staining, 1 if weak/equivocal, 2 if moderate, or 3 if intense. When there was discrepancy in the intensity of staining among replicate cores, the higher intensity was used. The sum of these individual scores then defined the final score of each sample.
Statistical Analysis
R software version 2.11.1 was used for statistical analysis. Comparison of the distribution of the staining scores between groups (translocation-associated sarcomas vs sarcomas, and borderline tumors not associated with translocations vs normal tissues) was made using the Wilcoxon rank-sum test. GISTs were assessed as a separate category due to the 
Results
The antibodies used in this study were identified on the basis of their reported good performance for IHC analysis in FFPE tissue in prior publications, and according to the suppliers' data sheets. HDAC1 and HDAC2 antibodies showed single bands of the expected molecular weights (60 kDa and 55 kDa, respectively) on western blot of sarcoma cell-line lysates. These bands were absent in the presence of blocking peptide, confirming antibody specificity. In contrast, protein immunoblots with commercial mouse monoclonal anti-HDAC3, rabbit monoclonal anti-HDAC3 and rabbit polyclonal anti-HDAC6 revealed extra bands, suggesting a reaction with multiple antigenic targets, so these reagents were not used in our subsequent immunohistochemical experiments.
On formalin-fixed, paraffin-embedded tissue microarray specimens, HDAC1 and HDAC2 immunostaining was nuclear and readily interpretable in virtually all cases (Figures 1 and 2 ). HDAC1 staining in the cytoplasm was seen in some normal tissues such as pancreatic and hepatic parenchyma, small bowel and gastric mucosa, renal tubules, and trophoblast. No cytoplasmic staining for HDAC2 was seen in normal tissues. Also, 6 of the 10 tested cases of alveolar soft part sarcoma showed granular and globular cytoplasmic staining for HDAC1 (Figure 3 ). HDAC1 cytoplasmic immunoreactivity was seen in none of the other types of tumor in this study, nor was any cytoplasmic staining seen for HDAC2 in alveolar soft part sarcoma. Histograms showing the scoring distributions are presented as Figure 4 , and results of all specimen types by diagnosis are shown in Table 1 .
A total of 1196 mesenchymal tumors, representing 44 diagnostic entities were analyzed for HDAC1. Of this total, 210 were translocation-associated sarcomas and 986 were mesenchymal tumors not associated with known fusion transcription factor oncoproteins, including a set of 486 GIST. In addition, a total of 136 samples representing 39 different types of normal tissues were analyzed, including epithelial, mesenchymal and embryofetal tissues. The mean HDAC1 score among normal tissues was 1.8 (95% C.I ¼ 1.5-2.0). In this group, the mesenchymal tissues showed the lowest mean score (1.05) and the epithelial tissues showed the highest (1.94). The mean HDAC1 score among GISTs was 1.8 (C.I ¼ 1.6-2.0), among translocation-associated sarcomas was 0.8 (C.I ¼ 0.6-1.0), and among other mesenchymal tumors was 1.3 (C.I ¼ 1.1-1.4). This distribution of staining scores was not significantly different between normal tissues and GIST, but both of these categories had significantly higher staining scores than translocation-asociated sarcomas (Po10 À7 ) or the group of other mesenchymal tumors (P ¼ 0.003).
A total of 1195 tumors were scored for HDAC2. The mean HDAC2 staining score was 3.9 (C.I ¼ 3.7-4.1) in normal tissues. In this group, the mesenchymal tissues showed the lowest mean score (3.37) and the embryofetal tissues the highest (4.31). The mean HDAC2 score in GIST was 3.4 (C.I ¼ 3.2-3.6), as compared with 4.5 (C.I ¼ 4.3-4.7) in translocationassociated sarcomas, and 4.1 (C.I ¼ 3.9-4.3) among other mesenchymal tumors. These staining scores were significantly higher in translocation-associated sarcomas (Po10
À7
) and other non-GIST mesenchymal tumors (P ¼ 0.003) compared with normal tissues. Indeed, the staining scores in translocationassociated sarcomas were also significantly higher than in the next highest scoring group, the other non-GIST mesenchymal tumors (P ¼ 0.01). GIST in contrast had the lowest scores for HDAC2, significantly lower than in normal tissues (P ¼ 0.01). Among the sarcomas associated with fusion transcription factors, all the individual diagnostic entities showed mean HDAC2 score values considerably higher than that for normal tissues. The only exception to this observation was low-grade fibromyxoid sarcoma, for which the mean score value was 2.3, much lower than in the rest of this group. The translocationassociated sarcomas with the highest mean staining scores for HDAC2 are alveolar rhabdomyosarcoma, synovial sarcoma, desmoplastic small round-cell tumor and myxoid liposarcoma. In the group of other mesenchymal tumors the entities that showed mean HDAC2 scores higher than that for normal tissues included embryonal rhabdomyosarcoma, neuroblastoma, epithelioid angiosarcoma, dermatofibrosarcoma protuberans with fibrosarcomatous differentiation, and myxofibrosarcoma (Table 1 ). Staining intensity and percentage of positivetumor cells were also assessed as separate parameters. The proportion of translocation-associated sarcomas with moderate or strong staining intensity for HDAC1, 4%, was lower than among normal tissues (15%; P ¼ 0.0003), GIST (12%; P ¼ 0.0010) and other mesenchymal tumors (11%; P ¼ 0.0021). In contrast, for HDAC2, the translocation-associated sarcomas exhibited moderate or strong staining intensity in 69% of the cases vs 46% of examined normal tissues (Po0.0001), 33% of GIST (Po0.0001) and 61% of other mesenchymal tumors (P ¼ 0.043). Similarly, the mean percentage of stained nuclei with HDAC1 antibody was 12% in translocation-associated sarcomas vs 28% in normal tissues (Po0.0001), 36% in GIST (Po0.0001) and 19% in other mesenchymal tumors (Po0.0001). The mean percentage of nuclei staining positively for HDAC2 was 86% in translocation-associated sarcomas vs 82% in normal tissues (P ¼ 0.035), 70% in GIST (Po0.0001) and 77% in other mesenchymal tumors (P ¼ 0.0026). Thus, findings for not only the combined immunohistochemical scores, but also their components of intensity and percentage of positive nuclei are broadly similar.
Discussion
Despite the wide use of HDAC inhibitors in cell culture, animal models and early-phase clinical trials, little is known about the expression of their targets in human tumor specimens. 26 Most of the research on HDACs deals with functional aspects of this group of enzymes. Only recently have a few translational studies been published describing HDAC expression in different types of cancers (reviewed in Weichert 27 ). To date, no study had described the in situ expression of different HDAC proteins in clinical samples of translocation-associated sarcomas, other than the work of Hrzenjak et al 7 in endometrial stromal sarcomas, where it was shown that HDAC2 expression is consistently high.
In this study, we found that HDAC2 is present and intensely expressed in a high proportion of mesenchymal tumors, and most prominently, among the group of sarcomas associated with fusion transcription factors. The sole exception is low-grade fibromyxoid sarcoma, which although bearing a fusion oncoprotein (FUS-CREB3L2) similar in general structure to other fusion transcription factor-associated sarcomas, has a more well-differentiated histological appearance and a more indolent clinical behavior. These features are conceivably related to its lower level of HDAC expression and potentially more limited capacity to silence tumor suppressor genes. 28 HDAC1, consistent with published literature, 5 is less expressed than HDAC2 in normal tissues, and HDAC1 protein expression levels among mesenchymal tumors appear to be lower still.
High immunohistochemical expression of class I HDACs has been recently reported in epithelial neoplasms. In gastric carcinoma, HDAC1, HDAC2 and HDAC3 were found to be highly expressed in a subgroup of cases, and associated with nodal spread. 29 In the same study, high expression of HDAC2 had independent negative prognostic significance for overall survival. In our study, the same HDAC3 antibody was tested, found unreliable (yielding multiple bands) and so, was excluded. In a study of colorectal cancer, a subset of cases (particularly highly proliferating and dedifferentiated tumors) showed high expression of class I HDAC isoforms, and HDAC2 expression was independently prognostic for diminished overall survival. 30 In prostate cancer, class I HDAC isoforms are strongly expressed in the majority of cases, with high HDAC1, and two correlating with high Gleason grade, proliferative capacity and reduced disease free-survival. 31, 32 High expression of class I HDACs has also been shown in most ovarian and endometrial carcinomas. 33 In all these studies, the expression of class I HDAC isoforms showed a high degree of concordance with each other, suggesting a shared regulation. The marked difference in expression between HDAC1 and HDAC2 isoforms in our current study suggests that they might be regulated differently in mesenchymal tissues.
Although there is convincing evidence for the involvement of HDACs in the development of cancer, the specic roles of individual HDACs in the regulation of cell proliferation, apoptosis and the cell cycle are as yet unclear. Systematic investigations into the function of each HDAC isoform in tumor models are lacking, but some specific actions of HDAC2 have been reported in cell lines. For example, in endometrial stromal sarcoma ESS-1 cells transfected with siRNAs to specifically knock down HDAC2, the concentration of p21 increases in a time-dependent manner, supporting the concept that HDAC2 specifically contributes to cell cycle progression. 7 Knockdown of HDAC2 in HeLa cells induces apoptosis associated with p53-independent p21 upregulation and cell differentiation. 34 In MCF7 breast cancer cells, HDAC2 knockdown increases the DNA-binding activity of p53 associated with inhibition of proliferation and induction of cellular senescence. 35 By analogy, a dependence on HDAC2 activity for cell cycle progression in translocationassociated sarcomas could contribute to their particular sensitivity to HDAC inhibitors. 18 In summary, HDAC2, one of the HDAC isoforms and a therapeutic target for HDAC inhibitors, is present and intensely expressed in a very high proportion of mesenchymal tumors. Expression is highest among sarcomas associated with fusion transcription factors. These results are of particular interest, as a systematic evaluation of the expression of different HDAC isoforms has not been undertaken in this class of tumors before, and because HDAC inhibitors are currently promising agents for cancer therapy, being actively evaluated in clinical trials in several types of malignancies. 36, 37 A phase II clinical trial of the hydroxamic acid-based HDAC inhibitor SB939 38 in recurrent and metastatic translocationassociated sarcomas has been opened in Canada (NCIC-CTG IND.200). Also underway is a phase II study of vorinostat in German patients with advanced, metastatic soft tissue sarcoma (NCT 00918489), and a phase II clinical trial of belinostat in combination with doxorubicin in soft tissue sarcomas is approaching completion in Denmark and the UK (NCT00878800). On the basis of our results, HDAC2 expression could be evaluated as a candidate predictive biomarker for therapeutic response to HDAC inhibitors in this particular group of neoplasia, as the determination of HDAC expression in tumor tissue is feasible even on small, formalin-fixed paraffin-embedded tissue cores.
